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Aggregate gradation is the particle size distribution of both the stone and sand 
present in the concrete matrix.  It is an aggregate property that has been heavily 
researched for over a century but the effects of which on concrete properties is still 
somewhat misunderstood.  Past research has revealed that aggregate gradation dictates 
the proportion of aggregate to cement paste in concrete, and can play a major variable 
that determines the overall durability of the construction material.  Increasingly, 
aggregate in South Carolina are failing to meet the standard aggregate gradation for 
portland cement concrete, however, the effects of such failed aggregate gradations on 
concrete properties is poorly understood, in order to develop a justification for 
acceptance or rejection of a given concrete load.  The principal objective of this 
investigation was to study the influence of variations in aggregate gradations on 
properties of concrete.  The overall goal of this project is to provide SCDOT a rational 
method for guiding whether concrete containing coarse or fine aggregate that fails to 
meet gradation specifications should be accepted or rejected.   
In this investigation, the gradation of both fine and coarse aggregate was varied, 
independent of each other, purposefully engineering some gradations out of the 
accepted cumulative percent passing band for selected sieves.  The total quantity of 
coarse and fine aggregate was fixed as well as the water cement ratio.  Local aggregates 
with unique properties that are used by the SCDOT were implemented in this study.      
Multiple tests were conducted on both the fresh and hardened concrete in an attempt 
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to develop a sound knowledge of the extent to which aggregate gradation can deviate 
from current specifications before selected concrete properties are negatively affected.  
Results indicated that it is more critical for the fine aggregate rather than the coarse 
aggregate to conform to accepted specifications.  Results from this study also illustrated 
that some concrete properties such as compressive strength did not show much 
dependence on aggregate gradation while others such as split tensile strength were 
heavily affected from this aggregate characteristic.  Rapid chloride ion permeability and 
drying shrinkage tests confirmed that gradation is a major variable in determining the 
concrete’s durability.  Based on the findings from this study, the suitability of concrete 
containing a failed aggregate gradation should be based on the criticality of structure 
with respect to a specific property, for ex. for a concrete that requires high crack 
resistance and durability, failed aggregate gradations should be rejected, however, 
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CHAPTER ONE:  INTRODUCTION 
BACKGROUND 
Portland cement concrete is widely and conventionally used in the construction 
industry.  This construction material is used in large quantities in structures such as 
bridges and dams as well as small quantities for residential projects.  Portland cement is 
the most vital component of this matrix.  It is manufactured by processing raw materials 
that are rich in Calcium and Silica such as limestone, clays, and shale.  Once these raw 
ingredients are chemically modified, a small amount of gypsum is added to prevent 
rapid setting.  When Portland cement is added to water, one of the products is a C-S-H 
gel structure that binds this material together and provides rigidity.  It is most 
economical to minimize the required cement content with the use of filler elements.  
Aggregate is another component that acts as an inert material and occupies 
around three quarters of the volume of conventional portland cement concrete.  Due to 
its dominating presence, it comes as no surprise that it is a major factor in determining 
the overall performance of concrete. Examples are numerous of failures traceable 
directly to improper aggregate selection and use.  Different aggregate from different 
sources inherently possess different properties.  A property is a quality that is indicative 
of a specific characteristic of a material (14).  For aggregates, these characteristics can 
be grouped into three major categories: physical, mechanical, and chemical.  For a given 
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construction application, only some of the defined properties are pertinent for concrete 
to achieve acceptable properties.   
Chemical properties identify the material chemically and indicate the 
transformation which a material undergoes due to a chemical process.  Usually when an 
aggregate undergoes a change due to a chemical action, the forces causing the change 
are from a source external to the system.  Chemical compounds in the binder such as 
alkalis may react with sulfates present in the aggregate.  For this reason filler and binder 
components should be chemically compatible.   
The behavioral characteristics of the material when subjected to various types of 
applied forces are considered mechanical properties.  Some mechanical properties of 
importance are the magnitude of tensile and compressive stress an individual aggregate 
can withstand before failure occurs.  The resistance of an aggregate to deformation, 
usually measured by the modulus of elasticity, is defined as particle stiffness.  Usually a 
high degree of stiffness is desired for most construction applications.  Physical 
properties are the final group of characteristics which describe the material in terms of 
fundamental dimensions.      
One physical property of the aggregate that can play a role in determination of 
concrete properties is particle shape.  Usually the best results are achieved when the 
material is well rounded and compact.  Most natural sands and gravels come close to 
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this ideal.  Crushed stone is much more angular and will interfere more severely with 
the movement of adjacent particles.  The presence of flat or elongated particles in 
crushed rock may be indicative of rock with weak fracture planes.  They also have a 
higher surface-to volume ratio and therefore require more cement paste to fully coat 
the surface of each particle.  Highly irregular particles with sharp points will lead to 
greater inter-particle interactions during handling and more prone to segregation.     
Aggregate gradation, or particle size distribution, is another physical characteristic that 
plays an important role in achieving the desired properties of concrete.  
Gradation is the primary variable that determines the void space present in an 
aggregate mixture.  When a range of sizes is used, the smaller particles can pack 
between the larger, thereby reducing the voids present.  Voids in an aggregate mixture 
are the spaces between aggregate particles.  This void space can be viewed as the 
difference between the gross volume enclosing the aggregate and the volume occupied 
by just the aggregate particles (not including the space between particles).  Cement 
paste is required to fill the void space between aggregate and ensure a workable mix.  
Since cement is the most expensive component in the concrete matrix, it is 
advantageous to optimize the aggregate gradation to minimize the required cement 
paste necessary from an economic standpoint.  The optimum grading for most 
construction applications is approximately the particle size distribution that allows for 
the maximum amount of aggregate to be included in a unit volume of mixture.  
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Durability and rheological improvements can also be achieved with an optimized 
aggregate gradation.   
 With a loss of moisture due to evaporation and hydration reactions, cement 
paste has a tendency to contract.  The aggregate present in the matrix being much 
stiffer resists this shrinkage behavior.  Inadequate allowance for this phenomenon in 
concrete design and construction can lead to cracking or warping of elements of the 
structure due to restraints present due to shrinkage.  The most obvious illustration is the 
necessity of providing contraction joints in pavements and slabs.  These joints prevent 
the cracks from occurring in random, irregular locations and confine them to a desired 
location.  The relative proportions of aggregate and cement paste are defined by 
aggregate gradation.  This property therefore determines the extent to which this 
shrinkage behavior will occur and hence the durability of concrete.  It can also be 
expected to affect the rheology of the mixture since cement paste that would otherwise 
provide workability is required to fill void space.  Workability is often defined as the 
amount of mechanical work or energy required to produce full compaction of the 
concrete without segregation (22).  This is a useful definition since the strength of 
concrete is in large part a function of the amount of compaction.   
Aggregate gradation is subjectively divided into coarse aggregate, material retained 
on a No. 4 (4.75mm) sieve, and fine aggregate, material passing a No.4 sieve and 
retained on a No. 100 (.15 mm).  Material passing a No. 200 sieve (.075 mm) is 
considered deleterious and should be limited to a minute percentage of total gradation.   
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Coarse and fine aggregate gradations have traditionally been defined separately for use 
in portland cement concrete.  ASTM C33 follows this practice by independently 
providing maximum and minimum percentage passing certain sieves for coarse and fine 
aggregate.  Different state agencies adopt different gradation requirements that are 
appropriate for applications primarily based on experience from local quarries.  As with 
many other states, South Carolina identifies coarse and fine aggregate gradations largely 
based off of ASTM C33.  Tables 1.1 and 1.2 illustrate SCDOT gradation requirements for 
coarse and fine aggregate, respectively (26). 
Table 1.1:   SCDOT Coarse Aggregate Gradation Requirements (2007 SCDOT       

















Table 1.2:   SCDOT Fine Aggregate Gradation Requirements (2007 SCDOT 
Specifications- Appendix 5) 
 
Observe Table 1.1 for the coarse aggregate gradations, the acceptable percentages 
passing specific sieves is quite broad.  In other instances, the ranges are simply missing.  
The different optimum gradations depend on the nominal aggregate size.  As defined in 
ASTM C 125, the maximum size of coarse aggregate is the smallest sieve opening 
through which the entire sample passes.  However, in construction applications if only a 
small percentage of aggregate is retained on a sieve, it is considered that it will not 
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affect the properties of concrete.  Thus, the ASTM C33 grading requirements are based 
on nominal maximum aggregate size which is the largest sieve that retains less than 10% 
of the sample. 
Table 1.2 demonstrates the tolerable range of fine aggregate grading permitted by 
SCDOT.  A couple footnotes for this specification are the fine aggregate shall not have 
more than 45% passing any sieve and retained on the next consecutive sieve, and its 
fineness modulus shall not be less than 2.3 or more than 3.1.  The fineness modulus is a 
single parameter to describe the grading curve and is defined as:   
FM= ∑ (cumulative % retained on standard sieves) 
        100 
A small value indicates a fine grading, whereas a large number indicates a coarse 
material.  The fineness modulus can be used to check the constancy of grading of 
aggregates when small changes are to be expected.  However, it should not be used to 
compare aggregates from two different sources because aggregate from different 
quarries can have the same fineness modulus with quite different grading curves.   
AGGREGATE GRADATION ISSUES IN SOUTH CAROLINA 
The acceptable margins of aggregate gradation in standard specifications have 
been established through experimental observations.  Gradations that fall out-of-
specification have historically had affects on different properties of concrete, but the 
extent of influence has not been clearly identified.  More importantly, the degree of 
deviation from standard grading before undesirable effects on properties of concrete 
has not been quantitatively approached.   
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Aggregate sampled in the field at the time of concrete placement on SCDOT 
projects frequently fails to meet current gradation requirements.  Table 1.3 portrays 
concrete mixes received between the months of May 2009 and July 2009 that failed to 





Table 1.3:   Gradations of Coarse Aggregate that Fail SCDOT Specifications 
 
After observing Table 1.3, it is evident that the majority of coarse aggregate fail on 
either the ½” or 3/8” sieve.  It is also clear that in most cases the non-compliance is 
within an 8% margin.  Table 1.4 represents received concrete that failed to meet fine 




Coarse Aggregate Source (Aggregate #) 
% 
pass 
A B C D E F G H I J K L M N O 
2 
inch 
               
1 
inch 
               
¾ 
inch 
   -1            
½ 
inch 
 +4 -11    +5  -8  -2  -2   
3/8 
inch 
-4   -6 -2 -3  +6  -6  -8    
No. 
4 
      +3       +5 +3 
No. 
8 
      +8       +3 +1 
No. 
16 
               
No. 
100 
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Table 1.4:   Gradations of Fine Aggregate that Fail to Meet SCDOT Specifications 
 
After examination of Table 1.4, the data indicates the majority of fine aggregates also 
fail by a margin less the 8% on sieves in the middle of the gradation (No. 16, 30, and 50).  
These percentage values shown in Tables 1.3 and 1.4 represent the percent deviation in 
which the gradation curves are out-of-specification.  A positive value represents the 
percentage of aggregate passing on a sieve more than the maximum amount of 
acceptable percent retained.  Negative percentages are sieves that are less than the 
minimum acceptable percentage passing.   
OBJECTIVE 
Although all the concrete mixes in Table 1.3 and 1.4 failed to meet SCDOT 
gradation specifications, some produced concrete with satisfactory properties and some 
Sieve Size Aggregate Source 
% Passing A B C D E F G H I J 
3/8 inch 
          
No. 4 
          
No. 8 
          
No. 16 
  -2    +4 -7   
No. 30 
  -3 -4 +4   -6   
No. 50 
+5 +4  -2  +8   +11 +5 
No. 100 
+1     +1   +1  
No. 200 
          
11 
 
did not.  Lack of sufficient understanding of the impact of aggregate gradations on 
concrete properties leaves the SCDOT without an agenda in place when deciding to 
accept or reject the delivered concrete.  The objective of the following research project 
is to compute the sensitivity of aggregate gradation on different plastic and hardened 
concrete properties.  Coarse and fine aggregate gradations will be purposefully 
fabricated out of specification to pre-determined degrees to study the impact of such 
variations.    The results of this investigation will assist the SCDOT with quantitative data 
that demonstrates the influence of aggregate gradation on selected concrete 
properties.  This information can be used to aid this agency in determining if concrete 
with an aggregate gradation that fails to meet specifications is sufficient for the unique 
construction application.   In this study, the affects of combined aggregate gradations 
are deliberately not being considered.  The results from this study might however 




Local aggregates from the state of South Carolina with unique properties are 
being implemented in this investigation.  Although the influence of aggregate gradation 
on concrete has been studied in the past, this matter has yet to be explored with the 
proposed aggregate and their distinctive characteristics.  The range of tests that will be 
conducted is quite broad and will study plastic, mechanical, and durability properties.  
Such extensive data will cover many aspects of the concrete produced and will serve as 
a valuable reference for the SCDOT when determining whether a given coarse or fine 
aggregate is significantly out-of-specification.  The conclusions of this project will 
provide the agency the extent to which gradation can fail to meet specifications without 













CHAPTER 2:    LITERATURE RESEARCH 
OVERVIEW 
For over one hundred years, efforts have been made to achieve desired concrete 
properties through adjustments in aggregate gradation.  Fuller and Thompson 
performed the groundbreaking research on aggregate gradation in 1907.  They 
developed an ideal shape of the gradation curve and concluded that aggregate should 
be graded in sizes to give the greatest density (25).  They noted that the gradation that 
gave the greatest density of aggregate alone may not necessarily produce the greatest 
density when combined with cement and water because of the way the cement 
particles fit into the smaller pores.  This idea that aggregate gradation could be 
controlled and monitored to affect the properties of concrete led to further research in 
this area and eventually resulted in specifications regulating aggregate gradation. 
Later research suggested that Fuller and Thompson’s conclusions could not 
necessarily be extrapolated to aggregates of another source.  It was shown that the 
grading curve developed by Fuller and Thompson does not always give the maximum 
strength or density.  In 1923, Talbot and Richart created the famous equation:  
P =        d        n 
             D 
 
Where: 
P = amount of material in the system finer than size “d” 
d = size of the particle group in question 
D = largest particle in the system 
n = exponent governing the distribution of sizes  
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This equation they developed indicated that for a given maximum particle size “D”, the 
maximum density was produced when n = 0.5.  They formed the opinion that aggregate 
so graded would produce concrete that was harsh and difficult to place.   
 In 1918, Abrams published his famous research regarding concrete mix design 
(13).  He found fault in previous methods of proportioning for maximum strength in that 
they neglected the importance of water.  To aid in the selection of aggregate gradation 
that would prevent the use of excessive water, he developed the fineness modulus (FM) 
as a tool to represent the gradation.  He also produced charts that gave maximum 
fineness moduli that could be used for a given quantity of water and cement-aggregate 
ratio.  Abrams asserted that any sieve analysis resulting in the same FM will require the 
same amount of water to produce a mix with the same plasticity and strength.  He 
noted that the surface area for the same FM could vary widely but did not seem to 
affect strength.  Conclusions of Abrams work discovered as FM decreased, the amount 
of water per sack of cement increased.  Although Abrams produced data that showed a 
relationship between surface area and FM, other authors stated that the two were not 
related.  Succeeding researchers later pointed out that for the same FM, there could be 
numerous gradations and hence different surface area contents.  Even though many 
people that studied concrete did not recognize FM as a useful tool, FM of sand has 




 In the 1970’s, Shilstone began his work on concrete optimization.  He 
implemented and repeated several tests that verified factors that impact concrete 
properties as they relate to aggregate gradation.  He concentrated on workability and 
ability to easily make adjustments to the gradation.  Shilstone suggested that slump 
could be controlled by gradation changes without adjusting the water-cementitious 
material ratio or affecting strength.   
 Instead of the traditional method of dividing aggregate into coarse and fine 
material, Shilstone separated aggregate into three fractions; coarse, intermediate, and 
fine.  He considered the coarse aggregate to be material retained on a 3/8” sieve, the 
intermediate was material passing a 3/8” sieve and retained on a No.8, and the fine 
aggregate was that which passed a No. 8 and retained on a No. 200.  He found that the 
intermediate aggregate fraction fills the major voids between larger particles and 
reduces the need for fine material.  When following the conventional ASTM C33 
specification, the intermediate size is often lacking in coarse and fine fractions and void 
space must be occupied with cement paste. This results in less paste available to 
provide workability and the mix becomes harsh and difficult to finish.  Shilstone 
promoted the use of an individual percent retained versus sieve size chart as a method 
for gradation portrayal.  Using this technique, it is easy to identify sizes that are 
excessive or deficient.  If a mix is proportioned using ASTM C33 for #57 coarse aggregate 
and sand with both gradations running down the middle of the allowable variation of 
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each material, the overall gradation will be deficient in intermediate size fractions.  
Shilstone was convinced that this mix could be expected to have finishing problems.  
Shilstone introduced two factors derived from the aggregate gradation to predict 
the workability of the concrete mix.  The first is the Coarseness Factor (CF) which is the 
proportion of plus 3/8” material in relation to the material plus No.8. 
 
                  Cumulative retained on 3/8” sieve 
 CF =                                                                                 X            100 
                  Cumulative retained on No. 8 sieve 
 
A CF of 100 represents a gap-graded gradation where there is no material between 3/8” 
material and No. 8.  A CF of 0 would be a gradation with no particles retained on a 3/8” 
sieve.  The second variable is termed Workability Factor (WF) and it is simply the 
cumulative percent of the total gradation passing a No. 8 sieve.  WF assumes a six 
cement sack mix (564 lbs/cd3).  WF is increased 2.5 percentage points for each 
additional 94 pound sack of cement in excess of 564 lbs/cy3, and decreased 2.5 
percentage points for each 94 pound cement sack below 564 lbs/cy3.  This adjustment 
of 2.5% per sack of cement must be considered when calculating the WF due to the fact 
that one sack of cement (.485 ft3) represents about 2.5% of the total aggregate volume 
(29).  Shilstone developed a relationship between CF and WF and recognized it could be 
used to predict characteristics of the concrete mix.  Figure 2.1 illustrates this chart and 








Figure 2.1:    Workability Factor versus Coarseness Factor 
 
A given gradation will plot as a single point on the plot.  The unique characteristics of 
each zone are: 
Zone 1- Represents a coarse gap-graded aggregate with a deficiency in intermediate 
particles.  Aggregate in this zone has a high potential for segregation during concrete 
placement. 
Zone 2- This is the optimal aggregate gradation for concrete mixes with maximum 
nominal size of 37.5 mm to 19 mm 
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Zone 3- This is an extension of Zone 2 for finer mixtures with maximum nominal size less 
than 19 mm  
Zone 4- Concrete mixtures in this zone generally contain excessive fines, with high 
potential for segregation. 
Zone 5- Too much coarse aggregate, which makes the concrete unworkable.  Mix may 
be suitable for mass concrete. 
 In addition to the prediction of concrete properties, the chart can also be used 
for maintaining mix characteristics in the face of changing aggregate gradations.  
Shilstone also developed a computer program which easily calculates CF and WF and 
plots the results.  With updated gradation information, the position of the point can be 
determined, and if deviated too far, the mix proportions can be adjusted to attempt to 
maintain original gradation.  There have been many reported cases of improvements to 
concrete mixes resulting from use of the CF chart.  Shilstone has also explored the use of 
the .45 power plot. 
The .45 power plot is created by plotting the cumulative percentage passing 
versus the sieve sizes raised to the power of .45.  The cumulative percent passing should 
generally follow the maximum density line.  Shilstone used the same equation 




% passing = d           .45 
                           D 
 
Where: 
d = sieve size being considered 
D = nominal maximum aggregate size  
 
The gradation should generally follow this maximum density equation.  Included in this 
graph are tolerance lines on either side.  These are straight lines drawn from the origin 
of the chart to 100% of the next sieve size smaller and larger than the maximum density 
sieve size.  However, there will generally be a hump often beyond the tolerance line 
around the No. 16 sieve and a dip below the bottom tolerance line around the No. 30 
sieve.  These deviations are typical and should not be a cause for rejection of a 
gradation unless trial batches indicate workability problems.   
In many situations coarse mixes have been prone to segregation and unable to 
consolidate uniformly.  When the mix was adjusted by smoothing the humps and filling 
in the valleys present on the individual percentage retained chart, the problem 
disappeared.  In other circumstances, mixes have arrived on site with gap-graded 
distributions.  When intermediate size fractions were added to the mix, less water was 
required and finishability improved (30). 
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USAF AGGREGATE PROPORTIONING GUIDE 
In the 1990’s the United States Air Force composed a specification guide for 
military airfield construction projects (27).  The guide follows the CF and .45 power 
charts as well as adopting the “8 to 18 band”.  This band is the USAF’s attempt to force 
the gradation into a more haystack shape and avoid a double hump profile.  It states 
that the individual retained percent should be kept between 8 and 18 percent for sieves    
No. 30 through the sieve one size below the nominal maximum aggregate size, and to 
keep all sizes below 18 percent retained.  Although Shilstone is strongly against this 8 to 
18 band method, the USAF continues to include it in their specification.  The USAF 
stresses that their guide is for providing recommendations, not rules.  Previous paving 
projects with the selected aggregates must also be taken into consideration.   This guide 
also states that Shilstone’s CF should be between 30 and 80, and allow for variance in 
the stockpiling.  This means that the point should be located with enough distance from 
either boundary to allow for daily deviation.  Although Shilstone’s CF is included in these 
specifications, the USAF uses a slightly modified version.  
The Air Force Aggregate Proportioning Guide acknowledges Shilstone’s areas of 
rocky, segregation-prone, and sandy on the CF chart, but it deletes the zone numerical 
designation.  Within Zone II, it replaces the five areas with three regions.  The three 
areas identify concrete mixes suitable for slip form paving, form-and-place mechanical 
paving, and hand placement.  The USAF still uses their developed band to control and 
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monitor gradation, but not everyone in the concrete industry believes this is an effective 
technique.  
Critics of the 8-18 band method are separated into two groups.  One group 
believes the combined gradation concept is good but the 8-18 band method of 
achieving it is too restrictive, while the other is against combined gradation altogether.  
Advocates against combined gradation argue that experience has shown that 
aggregates can be blended to meet the 8-18 band and still not result in good concrete.  
It is also pointed out that quarries in some areas of the country do not have fractions 
available to make the gradation, and that there will be large amounts of wasted material 
to produce specified grading.  This will require more expensive equipment for both the 
aggregate producers and concrete plants.  Supporters of the combined gradation 
method indicate that the 8-18 band is just a tool to be used as a guideline and slightly 
deviating from this gradation will not detract from the final quality of the concrete.  
Further, it is said that contractors have learned that following the 8-18 method actually 
saves money in the long run do to more efficient cement use.   
Some specifiers such as the USAF have encouraged the use of the band as an 
ideal to strive for.  Their belief is the 8 to 18 is a good place to start and then the mix 
needs to be proven with testing.  Shilstone has gone as far as to say the rigid use of the 
band causes problems to fully comply with the limits.  From his experience if there is a 
gap at only one sieve, a peak at an adjacent sieve will minimize the problem.  In the 
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situation of a gap at two consecutive sieves, peaks on either side will help in producing a 
good mix.  However, three low points will cause problems.  Shilstone is also convinced 
that if there is less than 5 percent retained on any intermediate sieves the mixture will 
be of poor quality, especially on the No. 16 and No. 30 sieves.  Although not all opinions 
of the 8 to 18 band are the same, it is accepted that aggregate gradation has a 
significant impact on the properties of concrete.  Not all past research has been in total 
agreement, and different state Department of Transportation agencies have gradation 
specifications that have a wide variety of optimization scenarios.   
STATEWIDE DOT AGGREGATE SPECIFICATIONS 
Some state DOTs like Iowa have incorporated Shilstone’s concepts into their 
paving specifications (19).  Versions of the CF chart, individual percent retained chart, 
and .45 power chart have all been adopted.  The CF chart is considered the most 
important method to develop the combined gradation.  The other two techniques are to 
be used to verify the CF chart results and to help identify areas deviating from a well-
graded mix.  Iowa considers the contractor responsible for the mix design and the 
process control monitoring.  These specifications try to incorporate Shilstone’s concepts 
facilitating the use of a combined gradation with three or more aggregate fractions.  
Recommendations for typical ranges of CF and WF values are provided, and the 
combined aggregate is to be sampled at a minimum frequency of 1500 yd3.  In Missouri 
the DOT allows the contractor the option to use an optimized gradation mixture with 
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the total gradation having allowable ranges associated on each fraction.  Some state 
DOTs such as Arkansas, Nebraska, Michigan, Mississippi, Texas, Colorado, Kentucky, and 
South Dakota make no mention in the way of aggregate gradation in their specifications 
(25).  Tennessee and Wisconsin allow for some form of optimization of its coarse 
aggregates, but only on a case-by-case basis.  
The Minnesota DOT provides incentives/disincentives for meeting the 8-18 band 
adopted by the USAF (23).  For mainline concrete paving projects, the contractor is 
awarded a $2.00 per yd3 incentive for meeting the 8-18 band.  A second option is a 
$0.50 per yd3 incentive for meeting a 7-18 percent band.  MnDOT also imposes a 
disincentive program for high performance concrete paving mixes.  A $1.00 per yd3 
deduction can be expected for being one percent out of the 8-18 band, and a $5.00 per 
yd3 disincentive is enforced for gradations that are two percent or more out of this 
accepted band.  The Mid-West Concrete Industry Board has also adopted the 8-18 band 
in their specifications with a couple slight modifications.  They require sieves less than a 
No. 50 must retain less than 8 percent.  The coarsest sieve to retain any material must 
also retain less than 8 percent.  Only when necessary can the band be broadened to 6-
22. 
The concept of combined gradation and a method to achieve it is gaining 
widespread use among state DOT’s as well as consulting engineers, contractors, and 
owners.  Some transportation agencies have adopted the so-called “8 to 18 band” in an 
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effort to force producers to supply a well-graded blend that would not exhibit significant 
peaks and valleys.  Different specifications/guidelines recommend different methods of 
achieving a truly combined gradation which has led to much discussion.  Some of the 
discussion is supported by experience while others viewpoints are founded by 
speculation.   
CONCLUSIONS 
For over one hundred years, efforts have been made to achieve desired concrete 
properties through adjustments in aggregate gradation.  Initial efforts had the idea that 
the gradation that produced the maximum density would contain fewer voids necessary 
to be filled with cement paste.  It was then found that mixtures formulated with very 
few voids tended to be harsh and difficult to finish.  It was still recognized that the 
surface area of aggregate particles that needed to be coated with cement paste was 
important, and techniques such as the fineness modulus were explored as a gradation 
measure.  Later researchers observed that the FM is not a unique value because the 
same FM can be calculated for different gradations.  Although FM methods have been 
found to have limitations, the FM of sand is still used in the commonly specified ACI 214 
method of mix design.  It was recognized early that gradations should be well-graded, 
and specifications reflected this understanding.   
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At some point, the intermediate size fractions of the overall aggregate gradation 
started to be removed for use in other applications.  Typical practice evolved into the 
use of two distinct fractions, coarse and fine, for routine concrete production.  This 
often resulted in a gap-graded gradation.  In the 1970’s, Shilstone began to propose that 
the intermediate size fractions were very important and that the industry should revert 
to a more well-graded set of materials.  He developed the individual percent retained 
chart, the coarseness factor chart, and the .45 power gradation plot to monitor 
aggregate gradation and make quick adjustments on the job site.  Although not 
supported by Shilstone, the 8 to 18 technique has been adopted by many agencies as a 
method for ensuring a fully graded aggregate.  Different state transportation 
organizations follow different specifications regarding gradation.  It is apparent that 
there are many unanswered questions on the most effective concrete aggregate 








CHAPTER THREE:    EXPERIMENTAL PROGRAM  
                     CONTROL SELECTIONS 
In this project, a series of concrete mixtures was prepared varying the gradation of 
coarse and fine aggregate independent of each other.  The out-of-specification 
gradations were engineered to different pre-determined degrees. For the coarse 
aggregate, the ½” (12.5 mm) sieve was varied different amounts above and below the 
band of acceptable limits.  The No. 30 sieve for the fine aggregate was changed to peaks 
and valleys in the same fashion.   SCDOT specifications for allowable gradations were 
used as a guide for fabricating these deviations as previously defined in Tables 1.1 and 
1.2.  Because the permissible values are so wide, three acceptable control gradations 
were produced. Figure 3.1 portrays the three control gradations for control aggregate 













                                                    
 
 
Figure 3.1:    Coarse Aggregate Control Gradations 
 
 
Control 1 was the acceptable gradation that just meets the lower percent passing of 


































Control 3 just meets the higher percent passing specifications and it was compared to 
the positive variations.  Control 2 was a gradation that runs directly in the middle of 
allowable values to serve as a reference gradation. 
 Three Fine aggregate gradations of different acceptable percentage passing were 
also fabricated.  Figure 3.2 demonstrates the three fine aggregate control gradations 
selected. 
 



































 The initiative of three controls is the same.  Control 1 just meets the lower side of 
allowable gradations and control 3 on the high side with control 2 directly in the middle.  
Control 2 used the second control for both coarse and fine material and also served as 
the Control 2 gradation for the set of coarse aggregate deviations.  For all coarse 
aggregate gradations, the fine aggregate was blended as control 2.  For the fine 
aggregate deviations, control 2 was used as the coarse aggregate component of the 
concrete.  Control 1 was rich in coarse material while control 3 had large quantities of 
fine aggregate.    
AGGREGATE GRADATION DEVIATION SELECTIONS 
 After preparing the control gradations that meet the allowable limits, gradations of 
aggregate were purposefully fabricated out of specification.  Based on the information 
presented in Tables 1.3 and 1.4, aggregate gradations ranging from -12% to +12% cover 
the received concrete mixes that failed to meet specifications.  It is anticipated that this 
magnitude of deviation will be sufficient to study the negative influence on the 
properties of concrete.  An extreme course aggregate gradation of +18% will also be 
fabricated to analyze the affects of such deviation.  A gradation that is -18% of 
acceptable gradation on the ½” sieve puts the percentage retained on that sieve lower 
than the sieve that follows it.  Therefore this extreme gradation is impossible.  Table 3.1 
shows the chosen cumulative percent passing selected sieves for the different coarse 





Table 3.1:   Gradation Deviations for Coarse Aggregate 
 
 
As previously mentioned, the percent passing the ½” sieve highlighted in red was 
what fell out of acceptable gradation for the coarse aggregate.  The percent passing all 
the other sieves complied with specifications.  The aggregates were sieved to separate 
different size fractions and the different sizes were recombined to develop the range of 
engineered gradations.  The negative values represent gradations that are a percentage 
less than the lowest allowable passing percentage.  The Negative 6 mix, for example, 
had six percent less than the lowest permissible passing percent on the ½” sieve.  
Positive mixes are gradations that are a calculated percent above the highest permitted 




Cumulative Percent Passing 
Control Mixes Negative Positive 
1 2 3 6 12 6 12 18 
50 100 100 100 100 100 100 100 100 
37.5 100 100 100 100 100 100 100 100 
25 100 100 100 100 100 100 100 100 
19 70 80 90 76 82 90 90 90 
12.5 25 42.5 60 19 13 66 72 78 
9.5 12.5 23.75 35 12.5 12.5 29 23 17 
4.75 0 0 0 0 0 0 0 0 
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 Table 3.2 demonstrates the selected gradations for fine aggregate deviations.   
                                   




The No. 30 sieve also highlighted in red was the chosen sieve to stray from accepted 
values.  Again all other sieves fell into compliance with specifications.  It should also be 
observed that only the middle gradations were used in this study for both fine and 
coarse aggregate for all mixes.  This was done to reduce the number of variables present 
that could affect the test results. 
The Fineness Modulus was calculated for the different fine aggregate gradations 
as seen in Figure 3.3. 
 Cumulative Percent Passing 
Sieve Control Mixes Negative Positive 
Size 1 2 3 6 12 6 12 
No. 8 100 100 100 100 100 100 100 
No. 16 55 76.5 98 61 67 98 98 
No.30 25 50 75 19 13 81 87 
No. 50 5 17.5 30 5 5 24 18 




Figure 3.3:    Fineness Modulus Values for Different Fine Aggregate Gradations 
   
As previously discussed, FM values are not unique for all aggregate gradations.  
The negative gradations were identical with control 1 and positive gradations were the 
same as control 3 with control 2 in the middle.  These similarities are advantageous 
because negative gradations were compared to control 1 and positive distributions 
compared to control 3.  The horizontal dotted line demonstrates how the other 
gradations compare to control 2.  Since all coarse aggregate deviations use the control 2 
distribution for their fine aggregate gradation, they all have identical FM values for their 
sand component.      
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Once the selected gradations were determined for this investigation, Shilstone’s CF and 
WF values were determined for each particle distribution to serve as a reference.   
These parameters would be used in Shilstone’s methodology to predict the behavior of 
the mixes and are illustrated in Table 3.3. 
Table 3.3:  Coarseness Factor and Workability Factors for Coarse Aggregate Gradations 
 
 
First observation of Table 3.3 is that WF remains constant for all mixes.  This parameter 
is defined as the cumulative percent of total aggregate passing a No. 8 sieve.  Since 100 
percent of the sand passes the No. 8 sieve for each fine aggregate gradation, this value 
is simply the total quantity of sand as a percentage of total aggregate.  The CF for each 
fine aggregate gradation is 76.25 since each mix incorporates control 2 as the coarse 
aggregate distribution.  The coordinates of each gradation were plotted on Shilstone’s 
Coarseness Factor chart for a possible prediction of each mix’s performance.  Control 1, 
negative 6, negative 12, and positive 18 with a high CF value fell into zone 4 expected to 
have a high potential for segregation.  Control 2 and positive 12 position almost directly 
on the intersection of zones 1, 2, and 4.  Zone 1 represents a gap-graded distribution 
while zone 2 is considered optimal.  Control 3 and positive 6 lie in zone 2.  Although 
Mix ID CTRL 1 CTRL 2 CTRL 3 N 6 N 12 P 6 P 12 P 18 
CF 87.5 76.25 65 87.5 87.5 71 77 83 
WF 39.3 39.3 39.3 39.3 39.3 39.3 39.3 39.3 
Zone  in 
Shilstone 
Chart 
4 1, 2, 4 2 4 4 2 1, 2, 4 4 
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these different gradations fall in different zones the Coarseness Factor chart, they are all 
very close to the defined borders.  The amount of intermediate sized fractions in most 
of the coarse aggregate gradations is deficient.  According to Shilstone, these 
distributions could be slightly adjusted to modify expectations, especially by adding 
intermediate sized particles. 
FIRST SET OF AGGREGATES (HANSON SANDY FLATS-CEMEX) 
After the different gradations of the aggregate were determined, the next step in 
this investigation was to acquire the necessary materials from the quarries.  The first 
quarry visited was Hanson Sandy Flat in Taylors, SC where a #57 stone was obtained.  
The natural sand used for the first set of aggregates was a Cemex product available in a 
stockpile outside of Lowry Hall.  Table 3.4 illustrates the properties of the first 
aggregates used in this project. 
                                                                         Table 3.4:    Properties of First Materials 
 
These properties were determined by executing ASTM standards.  The coarse aggregate 
was washed over a No. 4 sieve to remove dust and material that was excessively fine.  
The sand was also washed when placed in a five gallon bucket under a water source.  
The water was allowed to overflow the bucket while the contents were gently agitated.  
The organic material present in the fine aggregate would wash away with the 
Material Specific Gravity % Water Absorption 
Hanson Sandy Flats # 57  2.65 0.625 
Cemex Natural Sand 2.62 1.8 
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overflowing water.  After material was cleaned, the aggregate was placed in a pan with 
sufficient surface area and put in a 110 degree Celsius oven.  After a period of 24 hours, 
all the moisture present in the aggregate was considered evaporated and ready to be 
processed.   
 Once the material was oven dried, the as-received particle distribution was 
determined.  The sieve analysis of Sandy Flat coarse aggregate is shown in Figure 3.4. 
 
Figure 3.4:    As-Received Sandy Flat Coarse Aggregate Particle Distribution 
 
The values presented in Figure 3.4 are the average of three different sieve analysis tests.  
The determinations of particle distribution were executed with the use of a Global 
Gilson sieve shaker with sieves that possessed 2.33 ft3 of screen area.  It was apparent 
that the 12.5 mm sieve retained significantly more aggregate than the other sieves. 





























Figure 3.5:    As-Received Cemex Fine Aggregate Particle Distribution 
 
The No. 50 sieve retained the largest percentage of material, but the aggregate 
was fairly evenly distributed in the middle sieves.  Particles greater than a No. 8 sieve 
and less than a No. 100 were not utilized in this investigation’s gradations and were 


























Next, it was necessary to formulate a mix design that resulted in the fresh concrete 
properties desired.  The SCDOT provided the initial mix design, however this mix did not 
yield correctly.  Therefore the recipe was slightly modified to acquire a 4-6 inch slump.  
All trial mixes used the control 2 gradation for both coarse and fine aggregate.  Table 3.5 
shows the final mix design that would be used throughout the entirety of the 
investigation.   
Table 3.5:    Quantity of Materials per Unit Volume of Concrete 
  
 The water cement ratio for this study was 0.5.  Although a large amount of water was 
used, this was compensated by the high cement content per unit volume of concrete.  
The cement was a Type I (low-alkali) product from Lafarge in Harleyville, SC.  The water 
reducing admixture used was a BASF product called Glenium 7500.  Before the mass of 
Glenium 7500 was measured, the admixture’s storing container was agitated to ensure 
uniformity.  The total quantity of coarse and fine aggregate was a fixed value.  The only 
Material Sieve ID 
(Retained) 
Proportion (%) Quantity of Materials 
Lbs/yd3 Kg/m3 
Cement - - 612 363 





No. 16 A X X 
No.30 B X X 
No. 50 C X X 
No. 100 D X X 





19.0 mm a X X 
12.5 mm b X X 
9.5 mm c X X 
4.75 mm d X X 
Total 100 1777 1054 
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parameter that changed was the proportions retained on each sieve.  The sequence of 
combining the concrete components followed ASTM C 192.   
 A butter mortar consisting of 10% of the control 2 sand, cement, and water 
components was added to the revolving drum before each mix.  The butter mortar was 
mixed thoroughly and spread over the entire inside surface of the mixer.    Once the 
interior surface of the drum was fully coated, the majority of the butter mortar was 
removed from the mixer.  This technique ensures the drum is not in a dry condition that 
would absorb water present in the concrete mix.   
EVALUATION OF THE PROPERTIES OF CONCRETE 
After all constituents of each mix were added to the revolving drum concrete 
mixer and allowed to mix for a sufficient amount of time, the fresh concrete properties 




                          Table 3.6:    Laboratory Tests for Evaluation of Concrete 
Tests Related to Plastic Behavior of Concrete 
 
                        Workability (Slump) ASTM C 143 
                        Plastic Air Content ASTM C 231 
                        Density (Dry Rodded Unit Weight) ASTM C 29 
Tests Related to Hardened Mechanical Properties of Concrete 
 
                        Compressive Strength ASTM C 39 
                        Split Tension Strength ASTM C 496 
                        Modulus of Elasticity ASTM C 469 
Tests Related to Durability of Concrete 
 
                         Permeability (Rapid Chloride Ion Permeability) ASTM C 1202 
                         Drying Shrinkage ASTM C 596 
                         Hardened Air Content ASTM C 457 
                         Water Absorption ASTM C 642 
 
For the plastic concrete, the unit weight was recorded in the pressure pot that was later 
used to perform the air content via pressure method.  Each mix was then cast into 30     
4” x 8” cylinders and 3 3” x 3” x 11.25” rectangular prisms.  The total volume of each 
concrete mix was 2.5 ft3 after considering the concrete used to conduct ASTM C 231 
could not be cast and adding a 20% contingency.  All the samples were lubricated with 
mineral oil prior to use and consolidated as per ASTM C 31.  Three compressive strength 
tests were performed at 3, 7, 14, 21, and 28 days after the specimens were cast.  
Excluding the Drying Shrinkage test, a period of at least 28 days was allocated for all the 
other tests.   
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SECOND SET OF AGGREGATES (CAYCE-GLASSCOCK) 
After all the gradations were mixed for the first set of aggregates, another set of 
material was obtained.  The properties of the 2nd set of aggregates are illustrated in 
Table 3.7. 
 Table 3.7:    Properties of 2nd Set of Aggregates 
 
 
The properties of these materials were acquired from the SCDOT website.  The coarse 
aggregate is also a #57 stone.  It is a Martin Marietta product from a quarry in Cayce, SC, 
just west of Columbia.  The fine aggregate is from Glasscock Company in Sumter, SC.  
This sand was of higher quality with a low absorption percent and free of the organic 
particles found in the stockpiled Cemex fine aggregate used in the first set of 
aggregates. 
 The ASTM C 136 test method for sieve analysis was completed again for the 2nd group 
of aggregates.  The particle distribution for the Cayce coarse aggregate is illustrated in 
Figure 3.6.  
 
Material Specific Gravity % Absorption 
Cayce #57 2.60 0.8 




Figure 3.6:    As-Received Cayce Coarse Aggregate Particle Distribution 
Figure 3.6 shows that much like the distribution of the as-received Sandy Flat #57 stone, 
the 12.5 mm sieve retained considerably the most material.  The main difference in the 
2nd coarse aggregate sieve analysis and the 1st is the 4.75 mm sieve retained noticeably 
more particles for the Cayce stone.  This reduced the total amount of material that was 
required to be sieved because the 9.5-4.75 mm size particles were the most difficult 
fractions to obtain. 




























Figure 3.7:    As-Received Particle Distribution for Glasscock Fine Aggregate 
 
The Glasscock sand already had a slight haystack distribution as-received.  For this 
material, The No. 30 sieve retained the most material.  The particles greater than No. 8 
and less than No. 100 that did not fall in the range used for the fabricated gradations 
were minimal, leading to efficient use of the aggregate.    
When this research was continued with the 2nd set of aggregate, there were a 
few of slight changes.  For the first aggregate set, the amount of Glenium 7500 
admixture used was .4% of the cement to achieve the desired slump which calculated to 
2.45 lbs/yd3.  The water-reducing admixture dosage required to achieve a six inch slump 
for the control 2 gradation of the second aggregates was reduced to .35% of the cement 
content.  Compressive tests were only executed 3, 7, 14, and 28 days after the concrete 



























deviations (mixes 12% out of specification).  These testing modifications slightly reduced 
the necessary mix volume for each gradation.  Finally, it was decided that a positive 18 
gradation for course aggregate deviations was unnecessary to determine affects on 

















CHAPTER FOUR:    RESULTS/DISCUSSIONS 
RESULTS FOR FIRST AGGREGATE SET 
After performing a wide array of tests, analysis of the results indicated some 
concrete properties seemed to followed trends when the gradation was forced out of 
specification while others were seemingly unaffected.  The tests related to plastic 
concrete properties for the initial set of aggregates will first be examined.   The ASTM             
C 143 test for workability was executed for each mix.  The slump test for control 2 can 
be seen in Figure 4.1.  The slump values recorded for the different coarse aggregate 
gradations are illustrated in Figure 4.2. 
 





Figure 4.2:    ASTM C 143 Results for Coarse Aggregate Gradations 
        
From observation of the histogram, control 2 resulted in the lowest slump at 4 ¾ 
inches.  The deviated mixes achieved slightly higher slumps.  Figure 4.3 portrays the 
































 Figure 4.3:    ASTM C 143 Results for Fine Aggregate Deviations   
 
The histogram of these values recorded shows a definite trend.  As the sand deviates 
from specification with coarser particles, the slump dramatically increases.  The 
slumps were also decreased as the FM decreased.  This occurrence can be best 
explained with the concept of surface area.  Finer particles possess more surface 
area and therefore require more cement paste to coat the outer surface.  This in 
turn leaves less paste available to provide workability.  Since the metric of surface 
area is a cubic dimension, any change in this value will also be cubed.  This helps to 































recorded for the three different control gradations that met specifications also 
significantly varied.  
The next plastic property analyzed is air content as seen in Figure 4.4 for coarse 
aggregate deviations 
 


































The air content values shown in Figure 4.4 fluctuate around the control 2 value.  The air 
content values calculated does not suggest any trend.  Figure 4.5 shows the air contents 
calculated for fine aggregate deviations.    
  
Figure 4.5:    ASTM C 231 Results for Fine Aggregate Deviations 
Control 2 possesses the lowest air content of the fine aggregate deviations.  This data 
certainly suggests that air content is influenced by gradation.  The final plastic concrete 
property that will be examined is unit weight or density of coarse and fine gradations as 




































Figure 4.6:    Density of Coarse Aggregate Deviations 
 
Figure 4.7:    Density of Fine Aggregate Deviations 
 
















































Density values stay close to 145 lbs/ft3 which is the accepted value for the density of 
concrete.  Control 2 has a slightly greater density than the other mixtures but not 
significantly enough to suggest any trends.  With these density values, the yield or 
volume of concrete produced can be determined.  The relative yield is the ratio of the 
actual volume of concrete obtained to the volume as designed for and is illustrated in 
Table 4.1. 
Table 4.1:    Relative Yield Calculations for 1st Aggregate Set 
Mixture ID Relative Yield 
N 12 C.A. 0.976 
N 6 C.A. 0.98 
Ctrl 1 C.A. 0.976 
Ctrl 2 0.974 
Ctrl 3 C.A. 0.985 
P 6 C.A. 0.982 
P 12 C.A. 0.982 
P 18 C.A. 0.98 
N 12 F.A. 0.988 
N 6 F.A. 0.992 
Ctrl 1 F.A. 0.990 
Ctrl 3 F.A. 0.982 
P 6 F.A. 0.987 
P 12 F.A. 0.980 
 
The values shown in Table 4.1 are all less than 1.00 which indicates that the batches are 
“short” of their design volume.  Relative yield is an important consideration in real world 
applications.  In a situation where the designer knows the relative yield is less than one, 
it is necessary to design a concrete mix that has a greater volume than what is 
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necessary.  Tests related to Mechanical properties will be discussed next beginning with 
compressive strength calculations. 
 Compressive strength tests dominated the assortment of tests conducted and 
accounted for half of the cylinders cast per mix.  Figure 4.8 illustrates the rate of 


















Figure 4.8:    ASTM C 39 Results for Control Gradations 
 
After quick observation of the line graph, it is evident that the compressive strengths of 
control gradations are quite similar.  The strength values for control 1 and 3 actually 
exceed the middle gradation, but the difference is insignificant.  All the values are above 
5000 psi after 28 days.  Next control 1 will be compared to the negative gradations as 
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Figure 4.9:    ASTM C 39 Negative Deviations Compared to Control 1 
The negative gradations have minutely lower values for compressive strength than the 
control 1 gradation, but still acquire above 5000 psi strength after 28 days.  Control 1 
also seems to have a quicker rate of strength development.  Figure 4.10 compares the 
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Figure 4.10:    ASTM C39 Positive Deviations Compared to Control 3 
Again, the values obtained for deviations compared to a gradation that meets size 
distribution specifications seem very similar.  The Positive 6 mixture actually surpasses 
the control 3 gradation by a small degree.  A histogram comparing the compressive 
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The middle control coincidently has the lowest compressive strength with the Positive 6 
gradation representing the highest value.  All of these strengths are moderately close 
however with the largest difference being less than 13%.  If there is any trend present, it 
would be that the coarser deviations acquire a lower compressive strength than 
gradations that are above the acceptable band.  The results obtained for the fine 
aggregate deviations compressive strengths will now be examined.  First, the rate of 
strength development will be observed.  Figure 4.12 shows the three control gradations 
comparatively.   
 


































This data portrayed in Figure 4.12 demonstrates that compressive strength values are 
quite close with some expected slight deviation.  Figure 4.13 compares control 1 with 
the distributions that fall below acceptable gradations. 
 
Figure 4.13:   ASTM C39 Negative Deviations Compared to Control 1 for Fine Aggregate   
 
The gradations that did not meet the accepted percent passing band actually 
accumulated strength more rapidly.  They also achieved a slightly greater ultimate 
strength after 28 days.  Control 3 will now be compared to the distributions that 



































Figure 4.14:   ASTM C39 Positive Deviations Compared to Control 3 for Fine Aggregate  
 
These mixtures follow almost the identical path of strength development.  Figure 4.15 





































Figure 4.15:    ASTM C 39 Results for All Fine Aggregate Deviations After 28 Days 
 
Figure 4.15 shows that the control 1 and negative 6 mixes fail to meet 5000 psi.  There 
seems to be a rough trend present of slightly higher strengths achieved with finer sands.  
These differences could be considered negligible however failing to exceed an 8% 



































The next test discussed is the splitting tensile test.  Figure 4.16 shows the splitting 











































This test method consists of applying a longitudinal compressive force along the length 
of the cylinder which induces tensile stresses.  An obvious trend can be seen in the 
histogram of tensile data for coarse aggregate deviations.  The stress until fracture is 
highest in the middle gradation and tends to decrease as the gradation is moved further 
out of specification.  Control 2 is in fact almost twice the value calculated for the 
negative 12 gradation.  The splitting tensile data for fine aggregate deviations is 











































  Sand deviations also showed decreases in tensile strength, however not as dramatic as 
coarse aggregate deviations.  These values are still significant enough to conclude that 
splitting tensile strength is a property of concrete that is influenced by aggregate 
gradation.   
The modulus of elasticity or Young’s Modulus will now be studied.  This is 
defined as a material’s tendency to be deformed non-permanently when a load is 
applied.  The modulus of elasticity calculations for the coarse aggregate deviations is 
shown in Figure 4.18. 
 
Figure 4.18:    ASTM 469 Modulus of Elasticity Results for Coarse Aggregate Deviations 
The Universal Testing Machine used for this test was a Shimadzu AG-IS with a 





































material when compared to stainless steel that has values around 180 GPa.  The values 
determined for the different mixes seem to linger around control 2 with control 1 and 3 
being the lowest values.  The Young’s Modulus values evaluated for the fine aggregate 
deviations are demonstrated in Figure 4.19.  
 
Figure 4.19:    ASTM 469 Modulus of Elasticity Results for Fine Aggregate Deviations 
The final collection of tests that will be examined are those that relate to the 
durability of concrete or ability to sustain for a long period of time.  As previously 



































from hydration reactions or evaporation.  Since the paste is required to fill the voids 
present between aggregate, gradation primarily regulates the shrinkage behavior of 
concrete.  Figures 4.20 and 4.21 show the shrinkage behavior of concrete prisms 





Figure 4.20:    ASTM C 157 Drying Shrinkage Results for Coarse Aggregate Deviations 
Figure 4.21:    ASTM 157 Drying Shrinkage Results for Fine Aggregate Deviations 



































































It is accepted in literature that aggregate gradation determines the relative proportions 
of aggregate and cement paste in concrete. The shrinkage values after 180 days did not 
always demonstrate this dependence in the present investigation. 
The permeability of the concrete gradations was also examined when the 
resistance to Chloride ion penetration was determined.  The rapid chloride ion 
permeability test results are displayed in Figure 4.22 measured in Coulombs. 
 
 
Figure 4.22:    ASTM 1202 Permeability Results for Coarse Aggregate Deviations 
 






























One of the most important characteristics of a high quality concrete is low permeability.  
A material that is low in permeability resists the entrance of water and is not as 
susceptible to freezing and thawing.  For this aggregate set, the control gradations are 
the least permeable with porosity seemingly increasing as the gradation is forced out of 
specification.  The Rapid Chloride Ion Permeability apparatus used was model 164-A 
from RLC Instrument Company.  The Chloride ion permeability values for the fine 
aggregate deviations can be seen in Figure 4.23. 
Figure 4.23:    ASTM 1202 Permeability Results for Fine Aggregate Deviations 
The deviations in fine aggregate gradation also demonstrate that as the distribution 
drifts from accepted values, the material will continue to increase in permeability.  The 






























black dotted lines in Figure 4.22 and 4.23 represent the charge passed that is considered 
high Chloride ion penetrability.  Considering that the measured permeability values 
were higher than what is typically expected, the equipment was examined to ascertain 
the precise input values of voltage and current.  From this examination, it was 
determined that although the display readings on the equipment were as expected, the 
actual readings in the circuitry were out of specification, thus yielding erroneously high 
Coulomb values in the test.  Although the input parameters on the apparatus were 
incorrect, the machine appeared to be reading output accurately.  Since all of these 
tests were executed on the same testing machine, there is still evidence to suggest that 
permeability increases when gradations are out of specification.  Finally, the 
computations for water absorption also indicated slightly increased porosity in all 
concrete mixtures where the aggregate gradation deviated significantly from the 
specification.  Figure 4.24 shows these calculations for the coarse aggregate deviations. 
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Figure 4.24:    ASTM 642 Water Absorption Results for Coarse Aggregate Deviations 
 
These water absorption values illustrated in Figure 4.24 were an average of two 2” long 
pieces of 4” diameter cylinders.  After examining the data portrayed, all the values are 
around 6%.  There does seem to be a slight increase in water absorption when the 
aggregate gradation falls out of specification.  Although the water absorption 
histograms agree with Figure 4.22 and 4.23 describing the increase in permeability with 
increase in gradation deviation, the two are not necessarily associated with each other.  
Permeability relates to the size of the pores, their distribution, and most importantly 
their continuity.  More water absorption percentages were determined for the fine 
aggregate deviations as shown in Figure 4.25. 
6.59 
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Figure 4.25:    ASTM 642 Water Absorption Results for Fine Aggregate Deviations 
 
The fine aggregate deviations also are all close to 6%, but may tend to slightly increase 
as the sand gradations become excessively coarse or fine.  
The final test performed for the coarse and fine aggregate deviations was the 




































Table 4.2:    ASTM C 457 Calculations for 1st set of Coarse Aggregate Deviations 
Mixture ID Air Content (%) Spacing Factor (mm) 
N 12 4.05 .230 
N 6 5.05 .189 
Ctrl 1 4.18 .25 
Ctrl 2 3.41 .242 
Ctrl 3 3.24 .266 
P 6 3.99 .325 
P 12 3.49 .250 
P 18 3.63 .314 
 
 
Table 4.3:    ASTM C 457 Calculations for 1st set of Fine Aggregate Deviations 
Mixture ID Air Content (%) Spacing Factor (mm) 
N 12 4.92 .222 
N 6 4.52 .218 
Ctrl 1 4.13 .236 
Ctrl 2 3.41 .242 
Ctrl 3 4.32 .282 
P 6 4.46 .252 
P 12 4.52 .229 
    
Before this test can be executed, cylinders must be cut longitudinally and polished to a 
mirror finish.  The specimens are then examined in a microscope and the air bubbles are 
quantified.  The number of bubbles that the crosshairs of the microscope moves past is 
also determined.  With this data the spacing factor can be calculated.  Spacing factor is 
defined as the average distance from any point in the paste to the edge of the nearest 





RESULTS FOR SECOND AGGREGATES SET 
After the different tests carried out in this investigation were executed for the next 
group of material, the results exemplified some of the same trends with ultimately 
different values.  Continuing this investigation with another set of aggregates was 
beneficiary in confirming that some of the properties of concrete are affected by 
gradation while others did not reveal any dependence.   The first tests performed were 
those that measured fresh concrete properties.  The slump tests were executed for the 




Figure 4.26:    ASTM 143 Results for Coarse Aggregate Gradations 























































The slump tests for the fine aggregate gradations agree with the data recorded for the 
first aggregate set.  It appears that as the sand becomes finer, more cement paste is 
required to coat the particles and is no longer available for workability.  The coarse 
gradations do not illustrate this trend as effectively due to the fact that there are fewer 
constituents.  Next, the fresh air content calculations will be observed for the coarse and 
fine gradations in Figures 4.28 and 4.29 respectively.   
    

































Figure 4.29:    ASTM 231 Results for Fine Aggregate Deviations 
ASTM 231 tests for the subsequent sequence of mixes indicated the fresh air content of 
concrete does not seem significantly impacted by aggregate gradation.  Excluding one 
outlier, the determined air content for all the deviations was 10% or less than control 2.  
This data does not agree with the fresh air content of the 1st aggregate set.  The final 
fresh concrete property collected was the density as calculated by the dry rodded unit 































Figure 4.30:    Density for Coarse Aggregate Deviations 
 
Figure 4.31:    Density for Fine Aggregate Deviations 














































All the density results for all the gradations for the second set of aggregate fluctuated 
tightly around the middle control.  The positive 12 fine aggregate deviation represents 
the gradation that strays farthest from control 2 at 1.2% less than the control.  Even 
though aggregate gradation determines the total density of compacted aggregate, the 
density of the fresh concrete produced is relatively unaffected. Table 4.4 breaks down 
the relative yield values based on the determined densities. 
Table 4.4:    Relative Yield Calculations for 2nd Set of Aggregate 
Mixture ID Relative Yield 
N 12 C.A. 0.958 
N 6 C.A. 0.962 
Ctrl 1 C.A. 0.960 
Ctrl 2 0.964 
Ctrl 3 C.A. 0.965 
P 6 C.A. 0.969 
P 12 C.A. 0.963 
N 12 F.A. 0.962 
N 6 F.A. 0.969 
Ctrl 1 F.A. 0.962 
Ctrl 3 F.A. 0.967 
P 6 F.A. 0.968 
P 12 F.A. 0.976 
 
All the relative yields values for the second set of aggregates are also below 1.00 and 
batches can be expected to produce less concrete than designed for.   
 Next, the tests quantifying the mechanical properties of concrete will be 
examined.  The rate of strength development of the coarse aggregate control mixes is 




Figure 4.32:    ASTM C 39 Results for 2nd Coarse Aggregate Control Gradations    
The gradations that just meet specifications accrue strength slightly faster than the 
middle control, but after 28 days, all control gradations are very close.  Figure 4.33 



































Figure 4.33:    ASTM C 39 Negative Deviations Compared to Control 1 for 2nd Coarse 
Aggregate Gradations 
 
The gradations that fall below specifications gain compressive strength at a more rapid 
rate, but after 28 days strength values are alike.  The positive gradations are compared 



































Figure 4.34:    ASTM C 39 Positive Deviations Compared to Control 3 for 2nd Coarse 
Aggregate Gradations 
 
These strengths are also similar.  The strength development for the fine aggregate 
control gradations, negative gradations to control 1, and positive gradations to control 3 






































































Figure 4.36:    ASTM C 39 Negative Deviations Compared to Control 1 for 2nd  




































Figure 4.37:    ASTM C 39 Positive Deviations Compared to Control 3 for 2nd  
Fine Aggregate Gradations 
 
The data shown illustrates that all concrete mixes obtain strength at a comparable rate.  
The compressive strengths of cylinders after 28 days for coarse and fine gradations are 


































Figure 4.38:    ASTM 39 Results for Coarse Aggregate Deviations After 28 Days 
             Figure 4.39:    ASTM 39 Results for Fine Aggregate Deviations After 28 Days 































































All results were an average of three specimens.  The first difference observed between 
the first and second aggregate set is the concrete manufactured with the second 
aggregates achieved quite greater compressive strengths.  One possible explanation for 
this occurrence could be due to the fine aggregate.  The Glasscock sand was much 
cleaner than the stockpiled Cemex sand with a very low absorption rate.  Although all of 
the cylinders for the second aggregate broke at a greater force, the results again 
demonstrate that gradation has little influence on the compressive strength of concrete. 
 Figures 4.40 and 4.41 display the splitting tensile test results for the coarse and 
fine gradations respectively. 
Figure 4.40:    ASTM 496 Results for Coarse Aggregate Deviations 
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Figure 4.41:    ASTM 496 Results for Fine Aggregate Deviations 
Tensile tests were also performed after 28 days.  The different gradations generally 
fractured at a larger tension force than the first aggregate set while still demonstrating a 
dependence on aggregate gradation.  As aggregate distributions moved farther from 
accepted specifications, the samples split at lower forces.  The Modulus of Elasticity 
values for coarse and fine gradations of the second set of aggregate are illustrated in 






































Figure 4.42:    Modulus of Elasticity Calculations for 2nd Coarse Aggregate Deviations 
 
































































The determinations of Young’s Modulus for the different aggregate particle size 
distributions were all quite similar with fluctuations not surpassing 7% of control 2.  The 
data collected was repeatable with a low standard deviation.  The Modulus of Elasticity 
for the second set of aggregates was noticeably larger than the calculations for the first 
suggesting different aggregate properties. 
 The Rapid Chloride Ion Permeability Testing Machine that was determined to be 
not working properly caused problems in this investigation.  The purchase of a new 
apparatus for executing these tests would be required and the lead time necessary for 
acquiring this machine does not comply with the schedule of this research project.  The 
Civil Engineering Department at Purdue University possesses the proper equipment, and 
they agreed to provide assistance.  All the samples were therefore cut to the 
appropriate size and a layer of epoxy was applied to the exterior as instructed in ASTM C 
1202.  Once the specimens were completely saturated in the moist curing room, they 
were wrapped in wet towels and packaged appropriately for shipment to Purdue.  In 
order to assure standardized testing, a schedule of testing days for different mixture IDs 
was included in the instructions so all permeability tests will be performed the same 
number of days after the samples were cast.  The duration of time between when the 
first and last mix for the second set of aggregates was completed is about two months.  
Therefore, Purdue’s complete set of data will not be available until September.  It is 
speculated however that this information will show a strong dependence on aggregate 
gradation.  Another test that indicates the material’s porosity is water absorption.  The 
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coarse and fine gradation deviations for the second set of data are represented in 
Figures 4.44 and 4.45 respectively. 
 

































Figure 4.45:    ASTM C 642 Calculations for 2nd Fine Aggregate Deviations 
The absorption values determined increased noticeably as the size distribution of 
aggregates drifted from specifications.  This porosity seemed to be more sensitive to 
changes in fine aggregate gradation.  The microscopic analysis of hardened air content 








































Table 4.5:    ASTM C 457 Calculations for 2nd Coarse Aggregate Deviations 
Mixture ID Air Content (%) Spacing Factor (mm) 
N 12 3.28 .279 
N 6 2.66 .378 
Ctrl 1 2.68 .369 
Ctrl 2 3.05 .269 
Ctrl 3 3.01 .31 
P 6 2.75 .287 
P 12 2.94 .325 
 
Table 4.6:    ASTM C 457 Calculations for 2nd Fine Aggregate Deviations 
Mixture ID Air Content (%) Spacing Factor (mm) 
N 12 3.12 .308 
N 6 2.85 .336 
Ctrl 1 3.13 .319 
Ctrl 2 3.05 .269 
Ctrl 3 3.14 .321 
P 6 2.93 .276 
P 12 3.09 .261 
 
The hardened air content percentages calculated for the first aggregate set 
demonstrated that gradations that fell out of acceptable limits would increase the 
amount of air voids.  Tables 4.5 and 4.6 that illustrate the hardened air content for the 
second set of aggregate do not show this same dependence as do Tables 4.2 and 4.3 
that represent the first hardened air contents.  Air content is the solitary concrete 
property in which results of the two aggregate sets do not agree.  
 Drying shrinkage prisms were cast for the extreme gradations of the second 
aggregate set.  The associated duration of the execution of ASTM C 596 is approximately 
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half a year.  The data collected for these extreme gradations is too young to provide any 
meaningful results.  The testing however will continue, and once the necessary time has 
elapsed the data will be included in this report.    
DISCUSSION  
After formulating several concrete mixes with aggregate gradations that failed to 
meet specifications to different degrees, a multitude of tests were executed to 
determine if any trends could be observed.  Once the test results were analyzed for 
both sets of aggregate, some properties of concrete appeared to be unaffected by 
gradation changes while others did seem influenced by the particle distribution.  The 
workability of plastic concrete was severely affected by changes in fine aggregate 
gradation alterations and moderately changed with coarse aggregate gradation.  Once 
all the slump values were collected, an analysis of the sensitivity of the slump to the 








Table 4.7:    Sensitivity Analysis of Slump to Fine Aggregate Deviations 
 
The series of mixes for both aggregate sets demonstrated the same trend.  The coarser 
distributions resulted in higher slump while finer gradations that required more cement 
paste to cover the exterior were less workable than control 2.  This phenomenon can 
best be explained with the concept of surface area.  Although the proportion of fine 
aggregate is much less than that of coarse aggregate in the concrete matrix, a change in 
the gradation of sand results in a much greater impact on total surface area than that of 
the latter due to the high magnitude of particles.  Although some concrete 
characteristics were susceptible to these variations, other properties seemed generally 
unaffected by aggregate gradation. 
Although gradation is the underlying variable that determines the density of the 
compacted aggregate, deviations in gradations seemed to have minimal impact on the 
density of the fresh concrete produced.  In fact the differences between the largest and 
 
 
 [(Mixture ID-Control 2)/Control 2]*100 
Mixture ID 1st Aggregate Set 2nd Aggregate Set 
N 12 +78.95 +41.67 
N 6 +84.21 +37.50 
Control 1 +68.42 +20.83 
Control 2 - - 
Control 3 -57.89 -16.67 
P 6 -52.63 -58.33 
P 12 -52.63 -58.33 
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smallest values calculated for density were less than 2 percent.  Table 4.8 shows the 
sensitivity analysis of the density of fresh concrete to changes in gradation. 
Table 4.8:    Sensitivity Analysis of Fresh Concrete Density 
  
These values are the average of both set of aggregates.  The densities for the different 
concrete mixtures are all very close to the control suggesting aggregate gradation is not 
a major variable in determining fresh concrete density. 
Young’s Modulus, a measure of a material’s stiffness, was another concrete 
property that was not affected by changes in the aggregate particle size distribution.  
This occurrence was illustrated in both sets of material.  Table 4.9 illustrates the 












[(Mixture ID-Control 2)/Control 2]*100 
Mixture ID Coarse Aggregate Deviations (%) Fine Aggregate Deviations (%) 
N 12 +0.27 -0.57 
N 6 -0.19 -1.14 
Control 1 +0.11 -0.71 
Control 2 - - 
Control 3 -0.59 -0.53 
P 6 -0.65 -0.84 
P 12 -0.34 -0.92 
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Table 4.9:    Sensitivity Analysis of Modulus of Elasticity 
 
Table 4.9 is also an average of the two aggregate sets.  The greatest difference from 
control 2 is represented by the control 1 coarse aggregate gradation.  This data does not 
show a trend that suggests modulus of elasticity is affected by aggregate gradation. 
The air content for the first set of aggregate suggested a significant dependence 
on gradation while all air content values for the second set were very all close to the 
same value.  No definite conclusions regarding air content were obtained in this study.   
The property that was most thoroughly analyzed in this investigation was the 
concrete’s ability to withstand compressive forces.  Many ASTM C 39 tests were 
executed to gather an understanding of the gradations’ influence on this resistance.  
The results collected for different gradations indicate only a minute correlation if any 
with compressive strength.  Although each mix for the second set of aggregate 
withstood substantially larger compressive forces than the first, gradations did not 
appear to be a significant variable in determining this mechanical property.  The 
sensitivity analysis of compressive strength is shown in Table 4.10. 
[(Mixture ID-Control 2)/Control 2]*100 
Mixture ID Coarse Aggregate Deviations (%) Fine Aggregate Deviations (%) 
N 12 +5.22 +1.40 
N 6 -2.44 -3.51 
Control 1 -6.73 -5.90 
Control 2 - - 
Control 3 -3.68 +2.93 
P 6 -0.68 -6.12 
P 12 +0.91 +1.01 
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Table 4.10:    Sensitivity Analysis of Compressive Strength 
 
This average of the two sets of aggregate demonstrates all the values are quite 
close to control 2.  The different aggregate distributions did not show a significant 
impact on compressive strength.  Oftentimes the only samples on a jobsite obtained for 
testing in a laboratory setting are those for ASTM C39.  It is very likely that the data from 
these samples would not indicate out-of-specification aggregate gradation.  This 
noncompliance could however result in detrimental effects on other concrete 
properties.  
In some cases, concrete can be subjected to tension forces.  Tensile stresses can 
be achieved in some structural members of bridges, for example. Concrete that will be 
required to withstand tensile loads should be heavily reinforced with steel since 
concrete only resists about 10-15% as much load in tension as compared to 
compression (10).  The capability of concrete to endure tensile loads is reduced when 
aggregate gradation falls out of specification.  Table 4.11 illustrates a sensitivity analysis 
of the tensile loads to deviations in gradation. 
[(Mixture ID-Control 2)/Control 2]*100 
Mixture ID Coarse Aggregate Deviations (%) Fine Aggregate Deviations (%) 
N 12 +1.07 +5.66 
N 6 +0.94 -1.63 
Control 1 +3.09 -2.71 
Control 2 - - 
Control 3 +5.81 +3.52 
P 6 +6.01 +2.22 
P 12 +3.86 -1.21 
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Table 4.11:    Sensitivity Analysis of Splitting Tensile Strength 
 
These percentages are an average of both aggregate sets.  The first set of material 
illustrated a significantly larger dependence on gradation, but both series of aggregate 
portrayed similar tendencies.  Even in distributions that conform to gradation 
specifications such as control 1 and 3, a major decrease in tensile force until fracture 
was observed.   In many cases, concrete will experience very little tension forces 
throughout its lifecycle, but particular care of particle distribution should be taken when 
tension forces are to be expected.  Durability is another characteristic of concrete that is 
significantly influenced by aggregate gradation. 
Concrete that fails to meet gradation specifications is more likely to experience 
cracking due to shrinkage.  When aggregates fail to pack efficiently, cement paste must 
fill the voids present between particles.  With a loss of moisture, the paste will contract 
while the stiffer aggregate resists this behavior.  The result is a degraded concrete that 
over time will no longer exhibit acceptable properties.  The quantity of pores in concrete 
that can retain water is also increased when gradation drifts from allowable values.  
Rapid Chloride ion permeability and water absorption tests confirmed this occurrence.   
[(Mixture ID-Control 2)/Control 2]*100 
Mixture ID Coarse Aggregate Deviations (%) Fine Aggregate Deviations (%) 
N 12 -32.08 -27.76 
N 6 -24.32 -20.23 
Control 1 -11.93 -25.60 
Control 2 - - 
Control 3 -19.85 -22.80 
P 6 -19.99 -21.37 
P 12 -20.83 -30.65 
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Although these two tests are not always completely parallel, their concurring results 
further indicate a relationship between porosity and gradation.  Tables 4.12 and 4.13 
represent the sensitivity analysis of rapid Chloride ion permeability and water 
absorption, respectively. 






Table 4.13:    Sensitivity Analysis of Water Absorption 
 
[(Mixture ID-Control 2)/Control 2]*100 
Mixture ID Coarse Aggregate Deviations (%) Fine Aggregate Deviations (%) 
N 12 +84.91 +101.49 
N 6 +36.26 +62.45 
Control 1 +22.75 +49.58 
Control 2 - - 
Control 3 -3.65 +101.74 
P 6 +91.98 +61.46 
P 12 +98.97 +62.93 
[(Mixture ID-Control 2)/Control 2]*100 
Mixture ID Coarse Aggregate Deviations (%) Fine Aggregate Deviations (%) 
N 12 +9.76 +16.06 
N 6 +0.82 +10.03 
Control 1 -5.27 -2.82 
Control 2 - - 
Control 3 -1.30 -1.24 
P 6 +10.90 +10.15 
P 12 +7.36 +16.65 
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The permeability sensitivity analysis values were calculated from the first set of 
aggregate that were all tested with the same equipment.  Although the input 
parameters on the rapid Chloride ion permeability apparatus were incorrect, the values 
show a trend of increasing permeability when aggregate gradation falls out of 
specification.  Table 4.13 that tabulates the sensitivity analysis of water absorption is an 
average of both aggregate sets.  It suggests the porosity of concrete is considerably 
affected by gradation.  When water can easily enter the matrix, freeze thaw cycles occur 
more frequently impacting the material’s longevity.  An increase in duration results in 
the need for systems to be replaced less often.  This is beneficiary from an economic as 
well as environmental perspective.  When aggregate conform to gradation specifications 
the outcome is a more sustainable product that has more of a potential to endure. 
It was not until the different gradations were selected and the investigation had 
begun that the distributions were plotted on Shilstone’s Coarseness Factor chart.  
Observation of the position of most of these gradations indicates that they are lacking 
intermediate sized particles and likely to experience segregation.  This is not necessarily 
damaging to the objective of this project however since actual concrete mixes in the 
field are also frequently deficient in intermediate sized fragments.  This occurrence 






STATISTICAL  ANALYSIS 
When the data collected for the wide array of tests was evaluated, a statistical 
analysis was necessary to determine if these data points were statistically significant or  
the variations in results occurred by chance.  First an analysis of variance or ANOVA test 
was performed to determine if there are differences in the means of the different 
gradations for each test executed.  The null hypothesis (Ho) for the ANOVA test was that 
all the sample means were equal.  From the ANOVA test, the F-test statistic value          
(F observed) was calculated and compared to the F critical value (F critical).  F critical is based on 
the degrees of freedom and the level of significance (α) which was 0.05 (α=0.05) for this 
study.  The α value is considered the threshold of significance for a test and a value of 
0.05 is conventional.  If F observed obtained from the ANOVA calculation is greater than     
F critical the Ho is rejected, indicating that there is significant evidence to suggest that the 
sample means are not equal.  Excel software was implemented for this test. 
The results in each test were compared in an ANOVA to determine if aggregate 
gradation was a variable that affected different concrete properties.  The only data sets 
in which F observed was greater than F critical were the slump test for the fine aggregate 
deviations and the rapid Chloride ion permeability tests.  F observed values were only 
slightly less than F critical for some tests including splitting tensile strengths and water 
absorption.  Since F observed failed to surpass F critical for these tests, the difference in the 
sample means is not considered statistically significant.  However, it is possible that 
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these concrete properties are in fact affected by aggregate gradation.  An increase in 
sample size of tests performed would illustrate if a real statistical difference exists. 
For the two tests that demonstrated statistical differences in this investigation,  
t-tests were performed to determine which gradations had statistically different means 
compared to other gradations.  Excel software was also used for these calculations.  
These gradation sets were divided into three groups; gradations that were negative, 
control gradations, and gradations that were positive.  The negative and positive sets 
were then compared to the control gradation group as well as to each-other.  For the 
fine aggregate slump values, all three sets showed statistical difference.  The negative 
compared to the positive sets demonstrated extreme differences.  The permeability 
data for coarse aggregate deviations showed that both the negative and positive sets 
were statistically different than the control, but not statistically different from each-
other.  The three groups of permeability data for the fine aggregate deviations showed 










CHAPTER 5:    CONCLUSIONS 
After analysis of the tests executed for both sets of aggregate, the following 
conclusions can be made regarding the concrete properties’ dependence on gradation. 
 Slump of concrete is significantly affected by deviations in fine aggregate 
gradation.  Greater workability can be expected for fine aggregate distributions 
that are rich in coarse sand. 
 Density of fresh concrete is not affected by the gradation. 
 Compressive strength is only slightly influenced by changes in gradation. 
 Tensile strength is a property of concrete that is drastically affected by gradation.  
As the aggregate distribution drifts from acceptable specifications, the capability 
of the concrete to withstand tension forces decreases considerably. 
 Modulus of elasticity is not impacted by gradation. 
 The rapid chloride ion permeability of concrete is significantly affected by 
deviations in gradation.  The capability of chloride ions to diffuse through the 
material is increased when gradation is out of specification and does not pack 
efficiently.  Further testing is being conducted on second set of aggregates to 
confirm this dependence based on the first set of aggregates. 
 Porosity is another characteristic of concrete that is influenced by gradation as 
verified by water absorption tests.  The percentage of pore space increased as the 




CHAPTER SIX:    RECOMMENDATIONS 
After the data collected from this research project was analyzed, the following 
suggestions are provided. 
 It is more critical for the fine aggregate gradation to conform to 
specifications than coarse aggregate gradation.  Some properties of 
concrete can be expected to be more sensitive to deviations in fine 
aggregate distribution, and extra attention should be given to selecting 
and monitoring this gradation.   
 In this investigation, one sieve size was adjusted out of specification for 
the coarse aggregate distribution and one for the fine aggregate 
independent of each other.  There are many different circumstances in 
which material fails to meet gradation specifications.  A more in depth 
study of this subject needs to be undertaken including combined 
aggregate gradation deviations. It is therefore recommended that further 
materials and manpower be allocated for a succeeding research project. 
 Similarly the effects of aggregate gradation deviations on properties of 
concrete in the case of concretes with manufactured sands as well as 
concretes with low w/c ratios need to be investigated.          
 A distribution of particle sizes is an important aggregate characteristic 
that will affect some properties of the overall concrete.  When a fresh 
batch arrives on a construction site and it is verified that the mix fails to 
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meet aggregate gradation specifications, it is necessary to consider the 
unique application of the concrete.  In some cases, this noncompliance 
will be more critical while other instances a gradation outside acceptable 
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SANDY FLATS/CEMEX (INCHES) 
MIXTURE ID C.A. DEVIATIONS  F.A. DEVIATIONS 
NEGATIVE 12 6.75 8.5 
NEGATIVE 6 6 8.75 
CONTROL 1 5.75 8 
CONTROL 2 4,75 4.75 
CONTROL 3 5.5 2 
POSITIVE 6 6 2.25 
POSITIVE 12 6.25 2.25 




MIXTURE ID C.A. DEVIATIONS  F.A. DEVIATIONS  
NEGATIVE 12 5.25 8.5 
NEGATIVE 6 5 8.25 
CONTROL 1 6 7.25 
CONTROL 2 6 6 
CONTROL 3 3.5 5 
POSITIVE 6 5 2.5 



















MIXTURE ID C.A. DEVIATIONS (%) F.A. DEVIATIONS (%) 
NEGATIVE 12 2.5 3.9 
NEGATIVE 6 2.4 3.7 
CONTROL 1 2.6 3.3 
CONTROL 2 2.7 2.7 
CONTROL 3 2.7 3 
POSITIVE 6 2.6 3.2 
POSITIVE 12 2.7 3.6 







MIXTURE ID C.A. DEVIATIONS (%) F.A. DEVIATIONS (%) 
NEGATIVE 12 1.9 2.1 
NEGATIVE 6 1.8 2.1 
CONTROL 1 1.8 2 
CONTROL 2 2 2 
CONTROL 3 1.8 2.1 
POSITIVE 6 2.1 2.2 



















SANDY FLATS/CEMEX (Lbs/cf) 
MIXTURE ID C.A. DEVIATIONS  F.A. DEVIATIONS  
NEGATIVE 12 145.88 144.13 
NEGATIVE 6 145.20 143.53 
CONTROL 1 145.77 143.70 
CONTROL 2 146.08 146.08 
CONTROL 3 144.50 145.01 
POSITIVE 6 144.87 144.14 
POSITIVE 12 144.88 145.18 






MIXTURE ID C.A. DEVIATIONS  F.A. DEVIATIONS  
NEGATIVE 12 148.6 147.9 
NEGATIVE 6 148 146.8 
CONTROL 1 148.3 147.9 
CONTROL 2 147.6 147.6 
CONTROL 3 147.5 147.2 
POSITIVE 6 146.9 147.1 


















SANDY FLATS/CEMEX (psi) 
 COARSE AGGREGATE DEVIATIONS FINE AGGREGATE DEVIATIONS 
MIX ID 3 7 14 21 28 3 7 14 21 28 
N 12 4127 4266 4592 4838 5321 3578 4106 4534 5160 5720 
N 6 3722 4161 4486 4824 5247 3570 4260 4773 4859 4982 
CTRL 
1 
3955 4734 5021 5105 5583 3192 3509 3882 4332 4820 
CTRL 
2 
4054 4252 4743 4820 5225 4054 4252 4743 4820 5225 
CTRL 
3 
4275 4502 4717 4893 5612 3976 4468 4784 5120 5524 
P 6 4280 4858 5159 5534 5892 3448 4364 4696 5141 5602 
P 12 3714 4544 4838 5383 5361 3488 4740 5085 5139 5213 






COARSE AGGREGATE DEVIATIONS FINE AGGREGATE DEVIATIONS 
MIX ID 3 7 14 28 3 7 14 28 
N 12 4708 6336 5270 6338 4007 5270 5997 6469 
N 6 5660 5747 5999 6397 4422 6157 5660 6365 
CTRL 1 4421 4942 5894 6309 3938 4810 5792 6403 
CTRL 2 3757 4975 5306 6308 3757 4975 5306 6308 
CTRL 3 4755 5507 6107 6594 4536 5425 5894 6418 
P 6 5560 5968 5960 6337 4686 5059 5560 6190 



















MIXTURE ID C.A. DEVIATIONS (psi) F.A. DEVIATIONS (psi) 
NEGATIVE 12 277 337 
NEGATIVE 6 318 376 
CONTROL 1 430 315 
CONTROL 2 550 550 
CONTROL 3 353 315 
POSITIVE 6 381 381 
POSITIVE 12 414 318 







MIXTURE ID C.A. DEVIATIONS (psi) F.A. DEVIATIONS (psi) 
NEGATIVE 12 489 476 
NEGATIVE 6 535 522 
CONTROL 1 561 524 
CONTROL 2 572 572 
CONTROL 3 550 556 
POSITIVE 6 519 503 





















MIXTURE ID C.A. DEVIATIONS (psi) F.A. DEVIATIONS (psi) 
NEGATIVE 12 3925604 4057675 
NEGATIVE 6 3387334 3544930 
CONTROL 1 3254021 3487056 
CONTROL 2 3798693 3798693 
CONTROL 3 3315079 3971205 
POSITIVE 6 3765393 3535789 
POSITIVE 12 3628543 4071922 







MIXTURE ID C.A. DEVIATIONS (psi) F.A. DEVIATIONS (psi) 
NEGATIVE 12 5514063 5039572 
NEGATIVE 6 5364905 5111163 
CONTROL 1 5113169 4954891 
CONTROL 2 5172705 5172705 
CONTROL 3 5326346 5263304 
POSITIVE 6 5144802 4886904 

















MIXTURE ID C.A. DEVIATIONS  (%) F.A. DEVIATIONS (%) 
NEGATIVE 12 0.046 0.024 
NEGATIVE 6 0.069 0.085 
CONTROL 1 0.080 0.033 
CONTROL 2 0.057 0.057 
CONTROL 3 0.066 0.031 
POSITIVE 6 0.071 0.060 
POSITIVE 12 0.044 0.079 


































RAPID CHLORIDE ION PERMEABILITY RESULTS 
 
SANDY FLATS/CEMEX (Coulombs Passed) 
MIXTURE ID C.A. DEVIATIONS   F.A. DEVIATIONS  
NEGATIVE 12 10185 11098 
NEGATIVE 6 7505 8948 
CONTROL 1 6761 8239 
CONTROL 2 5508 5508 
CONTROL 3 5307 11112 
POSITIVE 6 10574 8893 
POSITIVE 12 10954 8974 


































SANDY FLATS/CEMEX  
MIXTURE ID C.A. DEVIATIONS  (%) F.A. DEVIATIONS (%) 
NEGATIVE 12 6.59 6.68 
NEGATIVE 6 6.0 5.77 
CONTROL 1 5.79 5.37 
CONTROL 2 5.83 5.83 
CONTROL 3 5.63 5.42 
POSITIVE 6 6.67 6.32 
POSITIVE 12 6.23 6.10 







MIXTURE ID C.A. DEVIATIONS (%) F.A. DEVIATIONS (%) 
NEGATIVE 12 5.61 6.22 
NEGATIVE 6 5.21 6.46 
CONTROL 1 4.74 5.43 
CONTROL 2 5.29 5.29 
CONTROL 3 5.34 5.56 
POSITIVE 6 5.66 5.93 


















Factor   
     
 
  
     SUMMARY   
     Groups Count Sum Average Variance 
  N 12 2 294.5 147.25 3.645 
  N 6 2 293.832 146.916 5.889312 
  CTRL 1 2 294.1 147.05 3.125 
  CTRL 2 2 293.7 146.85 1.125 
  CTRL 3 2 292 146 4.5 
  P 6 2 291.8 145.9 2 




     
 
  
     ANOVA   
     Source of Variation SS df MS F P-value F crit 
Between Groups 3.395867 6 0.565978 0.161779 0.979451 3.865969 
Within Groups 24.48931 7 3.498473 
   
 
  
     Total 27.88518 13         
 
  









Anova: Single Factor 
 
  
    
  
  
    SUMMARY 
 
  
    Groups Count Sum Average Variance 
  N 12 2 292.7 146.35 10.125 
  N 6 2 291.5 145.75 10.125 
  CTRL 1 2 292 146 10.58 
  CTRL 2 2 293.68 146.84 1.1552 
  CTRL 3 2 292.5 146.25 3.125 
  P 6 2 291 145.5 3.92 




    
  
  
    ANOVA 
 
  
    Source of Variation SS df MS F P-value F crit 
Between Groups 2.5016 6 0.416933 0.068817 0.997757 3.865969 
Within Groups 42.4102 7 6.0586 
   
  
  
    Total 44.9118 13         
  
  













Anova: Single Factor 
 
  
    
  
  
    SUMMARY 
 
  
    Groups Count Sum Average Variance 
  N 12 2 12 6 1.125 
  N 6 2 11 5.5 0.5 
  CTRL 1 2 11.75 5.875 0.03125 
  CTRL 2 2 10.75 5.375 0.78125 
  CTRL 3 2 9 4.5 2 
  P 6 2 11 5.5 0.5 




    
  
  
    ANOVA 
 
  
    Source of Variation SS df MS F P-value F crit 
Between Groups 
3.98214












   
  
  
    
Total 
14.2008
9 13         
  
  










Anova: Single Factor 
 
  
    
  
  
    SUMMARY 
 
  
    Groups Count Sum Average Variance 
  N 12 2 17 8.5 0 
  N 6 2 17 8.5 0.125 
  CTRL 1 2 15.25 7.625 0.28125 
  CTRL 2 2 10.75 5.375 0.78125 
  CTRL 3 2 7 3.5 4.5 
  P 6 2 4.75 2.375 0.03125 




    
  
  
    ANOVA 
 
  












Within Groups 5.75 7 
0.82142
9 
   
  
  
    
Total 
97.8571
4 13         
  
  










FRESH AIR CONTENT 
COARSE AGGREGATE 
Anova: Single Factor 
 
  
    
  
  
    SUMMARY 
 
  
    Groups Count Sum Average Variance 
  N 12 2 4.4 2.2 0.18 
  N 6 2 4.2 2.1 0.18 
  CTRL 1 2 27.8 13.9 292.82 
  CTRL 2 2 4.7 2.35 0.245 
  CTRL 3 2 4.5 2.25 0.405 
  P 6 2 4.7 2.35 0.125 




    
  
  
    ANOVA 
 
  
    Source of Variation SS df MS F P-value F crit 
Between Groups 232.1086 6 38.68476 0.92044 0.532173 3.865969 
Within Groups 294.2 7 42.02857 
   
  
  

















    
  
  
    SUMMARY 
 
  
    Groups Count Sum Average Variance 
  N 12 2 6 3 1.62 
  N 6 2 5.8 2.9 1.28 
  CTRL 1 2 5.3 2.65 0.845 
  CTRL 2 2 4.7 2.35 0.245 
  CTRL 3 2 5.1 2.55 0.405 
  P 6 2 34.2 17.1 444.02 




    
  
  
    ANOVA 
 
  












Within Groups 449.135 7 
64.1621
4 
   
  
  
    
Total 
803.269
3 13         
  
  









SPLITTING TENSILE STRENGTH 
COARSE AGGREGATE 
Anova: Single 
Factor   
     
 
  
     SUMMARY   
     Groups Count Sum Average Variance 
  N 12 6 2297.863 382.9772 14804.61 
  N 6 6 2559.027 426.5045 14791.54 
  CTRL 1 6 2970.904 495.1507 5454.218 
  CTRL 2 6 3366.458 561.0764 965.7159 
  CTRL 3 6 2708.391 451.3985 12742.38 
  P 6 6 2700.201 450.0335 6203.612 




     
 
  
     ANOVA   
     Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 113450.7 6 18908.45 2.345787 0.05218 2.371781 
Within Groups 282121 35 8060.6 
   
 
  
     Total 395571.7 41         
 
  











Factor   
     
 
  
     SUMMARY   
     Groups Count Sum Average Variance 
  N 12 6 2438.245 406.3742 5860.588 
  N 6 6 2691.454 448.5756 6825.331 
  CTRL 1 6 2514.468 419.0779 14568.59 
  CTRL 2 6 3366.458 561.0764 965.7159 
  CTRL 3 6 2610.159 435.0266 18337.21 
  P 6 6 2652.454 442.0757 5562.657 




     
 
  
     ANOVA   
     Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 112434.6 6 18739.11 2.194702 0.066881 2.371781 
Within Groups 298841.8 35 8538.337 
   
 
  
     Total 411276.4 41         
 
  











COARSE AGGREGATE (3 DAY) 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 6 26508.64 4418.107 195401.6 
  N 6 6 28147.16 4691.193 1136425 
  CTRL 1 6 25128.41 4188.068 80104.37 
  CTRL 2 6 23432.05 3905.341 141098.6 
  CTRL 3 6 27089.2 4514.867 106946.1 
  P 6 6 29517.73 4919.621 573673 
  P 12 6 25973.18 4328.864 475065.1 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 3954274 6 659045.7 1.70314 0.149413 2.371781 
Within Groups 13543570 35 386959.1 
   











FINE AGGREGATE (3 DAY) 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 6 22757.16 3792.86 171663.9 
  N 6 6 23975 3995.833 462281.8 
  CTRL 1 6 21389.77 3564.962 204689.8 
  CTRL 2 6 23432.05 3905.341 141098.6 
  CTRL 3 6 25535.68 4255.947 160462.5 
  P 6 6 24402.16 4067.027 486683.2 
  P 12 3 12307.27 4102.424 54564.6 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 1774132 6 295688.6 1.147814 0.358089 2.39908 
Within Groups 8243528 32 257610.3 
   
       Total 10017660 38         











COARSE AGGREGATE (7 DAY) 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 6 31803.86 5300.644 1332392 
  N 6 6 29722.95 4953.826 767042.5 
  CTRL 1 6 29028.52 4838.087 101600.2 
  CTRL 2 6 27679.43 4613.239 183944.1 
  CTRL 3 6 30026.02 5004.337 340883.9 
  P 6 6 32478.41 5413.068 421580.5 
  P 12 6 29353.86 4892.311 205293 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 2703154 6 450525.7 0.940629 0.478766 2.371781 
Within Groups 16763680 35 478962.3 
   
       Total 19466835 41         










FINE AGGREGATE (7 DAY) 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 6 28126.48 4687.746 466778.3 
  N 6 6 31249.67 5208.278 1103488 
  CTRL 1 6 24955.8 4159.299 583491.1 
  CTRL 2 6 27679.43 4613.239 183944.1 
  CTRL 3 6 29678.41 4946.402 359245.6 
  P 6 6 28269.02 4711.504 226332.9 
  P 12 6 29749.2 4958.201 103062.8 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 3988542 6 664757.1 1.537598 0.194934 2.371781 
Within Groups 15131712 35 432334.6 
   
       Total 19120255 41         










COARSE AGGREGATE (14 DAY) 
Anova: Single 
Factor 
      
       SUMMARY 
      Groups Count Sum Average Variance 
  


















































       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 














   
       
Total 
1754065







FINE AGGREGATE (14 DAY) 
Anova: Single 
Factor 
      
       SUMMARY 
      Groups Count Sum Average Variance 
  






















































       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 














   
       
Total 
1839653







COARSE AGGREGATE (28 DAY) 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 6 35966.48 5994.413 569897.9 
  N 6 6 34925.23 5820.871 459596.6 
  CTRL 1 6 35668.98 5944.83 247269 
  CTRL 2 6 34593.52 5765.587 361907.6 
  CTRL 3 6 36608.41 6101.402 359859.1 
  P 6 6 36680 6113.333 141458.8 
  P 12 6 35936.25 5989.375 505542.5 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 617533.3 6 102922.2 0.272329 0.946178 2.371781 
Within Groups 13227658 35 377933.1 
   












FINE AGGREGATE (28 DAY) 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 6 36558.3 6093.049 236272.7 
  N 6 6 34034 5672.333 649187.8 
  CTRL 1 6 33662.84 5610.473 764095.1 
  CTRL 2 6 34593.52 5765.587 361907.6 
  CTRL 3 6 35818.52 5969.754 257789.5 
  P 6 6 35369.09 5894.848 148812.4 
  P 12 6 34180.68 5696.78 339091.3 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 1117426 6 186237.6 0.472829 0.823762 2.371781 
Within Groups 13785782 35 393879.5 
   












MODULUS OF ELASTICITY 
COARSE AGGREGATE 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 4 130.21 32.5525 40.01816 
  N 6 4 120.68 30.17 62.04487 
  CTRL 1 4 115.38 28.845 54.71417 
  CTRL 2 4 123.7 30.925 29.89663 
  CTRL 3 4 119.16 29.79 64.03913 
  P 6 4 122.86 30.715 30.15443 
  P 12 4 124.84 31.21 51.09247 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 32.89689 6 5.482815 0.115616 0.993458 2.572712 
Within Groups 995.8796 21 47.42284 
   












Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 4 125.46 31.365 15.28417 
  N 6 4 119.36 29.84 38.88387 
  CTRL 1 4 116.39 29.0975 34.17576 
  CTRL 2 4 123.7 30.925 29.89663 
  CTRL 3 4 127.34 31.835 26.46863 
  P 6 4 116.17 29.0425 28.98716 
  P 12 3 96.89 32.29667 13.40103 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 38.51465 6 6.419108 0.234321 0.960177 2.598978 
Within Groups 547.8907 20 27.39454 
   
















      
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 2 12.2 6.1 0.4802 
  N 6 2 11.21 5.605 0.31205 
  CTRL 1 2 10.53 5.265 0.55125 
  CTRL 2 2 11.12 5.56 0.1458 
  CTRL 3 2 10.97 5.485 0.04205 
  P 6 2 12.33 6.165 0.51005 
  P 12 2 11.94 5.97 0.1352 
  
       
       ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 1.408543 6 0.234757 0.754985 0.626075 3.865969 
Within Groups 2.1766 7 0.310943 
   














      
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 2 12.9 6.45 0.1058 
  N 6 2 12.23 6.115 0.23805 
  CTRL 1 2 10.8 5.4 0.0018 
  CTRL 2 2 11.12 5.56 0.1458 
  CTRL 3 2 10.98 5.49 0.0098 
  P 6 2 12.25 6.125 0.07605 
  P 12 2 12.97 6.485 0.29645 
  
       
       ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 2.520371 6 0.420062 3.365303 0.068739 3.865969 
Within Groups 0.87375 7 0.124821 
   












RAPID CHLORIDE ION PERMEABILITY 
COARSE AGGREGATE 
Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 3 30554 10184.67 5508624 
  N 6 3 22516 7505.333 923001.3 
  CTRL 1 3 20249 6749.667 60581.33 
  CTRL 2 3 16524 5508 1100615 
  CTRL 3 3 16794 5598 32187 
  P 6 3 31723 10574.33 1899529 
  P 12 3 32861 10953.67 124776.3 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 1.01E+08 6 16873562 12.24076 
7.18E-
05 2.847726 
Within Groups 19298629 14 1378474 
   












Anova: Single Factor 
     
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 3 33294 11098 5062500 
  N 6 3 26845 8948.333 681552.3 
  CTRL 1 3 24203 8067.667 28150.33 
  CTRL 2 3 16524 5508 1100615 
  CTRL 3 3 30916 10305.33 1650026 
  P 6 3 26680 8893.333 509822.3 
  P 12 3 26922 8974 788544 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 56927955 6 9487992 6.762501 0.001585 2.847726 
Within Groups 19642421 14 1403030 
   












HARDENED AIR CONTENT 
COARSE AGGREGATE 
Anova: Single Factor 
      
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 2 7.33 3.665 0.29645 
  N 6 2 7.71 3.855 2.85605 
  CTRL 1 2 6.86 3.43 1.125 
  CTRL 2 2 6.46 3.23 0.0648 
  CTRL 3 2 6.25 3.125 0.02645 
  P 6 2 6.74 3.37 0.7688 
  P 12 2 6.43 3.215 0.15125 
  
       
       ANOVA 












Within Groups 5.2888 7 
0.75554
3 
   
       
Total 
6.12208











Anova: Single Factor 
      
       SUMMARY 
      Groups Count Sum Average Variance 
  N 12 2 8.04 4.02 1.62 
  N 6 2 7.37 3.685 1.39445 
  CTRL 1 2 7.26 3.63 0.5 
  CTRL 2 2 6.46 3.23 0.0648 
  CTRL 3 2 7.46 3.73 0.6962 
  P 6 2 7.39 3.695 1.17045 
  P 12 2 7.61 3.805 1.02245 
  
       
       ANOVA 
      Source of Variation SS df MS F P-value F crit 











5 7 0.92405 
   
       
Total 
7.1459












FINE AGGREGATE SLUMP 
t-Test: Two-Sample Assuming Unequal 
Variances 
  
   
  
Negative 
Gradations Control Gradations 
Mean 8.5 5.5 
Variance 0.041666667 4.525 
Observations 4 6 
Hypothesized Mean Difference 0 
 df 5 
 t Stat 3.430906173 
 P(T<=t) one-tail 0.009308655 
 t Critical one-tail 2.015048373 
 P(T<=t) two-tail 0.01861731 
 t Critical two-tail 2.570581836   
      
   t-Test: Two-Sample Assuming Unequal 
Variances 
  
    Control Gradations Positive Gradations 
Mean 5.5 2.375 
Variance 4.525 0.020833333 
Observations 6 4 
Hypothesized Mean Difference 0 
 df 5 
 t Stat 3.586095691 
 P(T<=t) one-tail 0.007886474 
 t Critical one-tail 2.015048373 
 P(T<=t) two-tail 0.015772947 






t-Test: Two-Sample Assuming Unequal 
Variances 
  
   
  
Negative 
Gradations Positive Gradations 
Mean 8.5 2.375 
Variance 0.041666667 0.020833333 
Observations 4 4 
Hypothesized Mean Difference 0 
 df 5 
 t Stat 49 
 P(T<=t) one-tail 3.3447E-08 
 t Critical one-tail 2.015048373 
 P(T<=t) two-tail 6.6894E-08 
















RAPID CHLORIDE ION PERMEABILITY 
COARSE AGGREGATE 
t-Test: Two-Sample Assuming Unequal Variances 
 
   
  Negative Gradations 
Control 
Gradations 
Mean 8845 5951.888889 
Variance 4726298.4 657867.3711 
Observations 6 9 
Hypothesized Mean Difference 0 
 df 6 
 t Stat 3.118248783 
 P(T<=t) one-tail 0.010315434 
 t Critical one-tail 1.943180281 
 P(T<=t) two-tail 0.020630867 
 t Critical two-tail 2.446911851   
 
t-Test: Two-Sample Assuming Unequal Variances 
 
   
  Control Gradations 
Positive 
Gradations 
Mean 5951.888889 10764 
Variance 657867.3711 852890.4 
Observations 9 6 
Hypothesized Mean Difference 0 
 df 10 
 t Stat -10.37216312 
 P(T<=t) one-tail 5.68015E-07 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 1.13603E-06 






t-Test: Two-Sample Assuming Unequal Variances 
 
   
  Negative Gradations 
Positive 
Gradations 
Mean 8845 10764 
Variance 4726298.4 852890.4 
Observations 6 6 
Hypothesized Mean Difference 0 
 df 7 
 t Stat -1.990054961 
 P(T<=t) one-tail 0.043442109 
 t Critical one-tail 1.894578605 
 P(T<=t) two-tail 0.086884218 


















t-Test: Two-Sample Assuming Unequal Variances 
 






Mean 10023.16667 7960.333333 
Variance 3683940.967 5016379.51 
Observations 6 9 
Hypothesized Mean 
Difference 0 
 df 12 
 t Stat 1.905978056 
 P(T<=t) one-tail 0.040441474 
 t Critical one-tail 1.782287556 
 P(T<=t) two-tail 0.080882949 
 t Critical two-tail 2.17881283   
 
t-Test: Two-Sample Assuming Unequal Variances 
 






Mean 7960.333333 8933.666667 
Variance 5016379.51 521298.6667 
Observations 9 6 
Hypothesized Mean 
Difference 0 
 df 10 
 t Stat -1.212638857 
 P(T<=t) one-tail 0.126568643 
 t Critical one-tail 1.812461123 
 P(T<=t) two-tail 0.253137286 






t-Test: Two-Sample Assuming Unequal Variances 
 






Mean 10023.16667 8933.666667 
Variance 3683940.967 521298.6667 
Observations 6 6 
Hypothesized Mean 
Difference 0 
 df 6 
 t Stat 1.30139006 
 P(T<=t) one-tail 0.120429559 
 t Critical one-tail 1.943180281 
 P(T<=t) two-tail 0.240859119 
 t Critical two-tail 2.446911851   
 
 
